


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1950 


Experimental investigation of detached 
Shocks on a /0-degree cone at various angles 
of attack. 


Bryan, William C. 


California Institute of Technology 


http://ndl.handle.net/10945/14181 


Downloaded from NPS Archive: Calhoun 


: Calhoun is the Naval Postgraduate School's public access digital repository for 
th D U DLEY research materials and institutional publications created by the NPS community. 
«iit 3 Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
KN Ox appointed — and published — scholarly author. 


i LIBRARY Dudley Knox Library / Naval Postgraduate School 


411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








http://www.nps.edu/library 


GALCIT REPORT NO.__ 


m CUGGENHEIM AERONAUTICAL LABORATORY 


- 


CALIFORNIA INSTITUTE OF TECHNOLOGY 





PASADENA, CALIFORNIA 


FORM AL-S 6M 2-49 


SeC38q 


Sysay ] 





IMENTAL LUVESTIGATLON OF DUTACIEND STOCK 


- 


O% A 70° CONF AT VARIO: ANGLES OF ATTACT 


Thesis by 
William C. Bryan, Wdr., U. S. Navy 





In Partial Pulfillment of tho Requirenente 
Por the Degree of 
Aeronautical Ingineer 


Californie Inetitute of Tecmel ogy th 
| 42592 
Pasadena, California 


1950 








AG OWLF GENIE FE 


Thig investigetion was conducted jointly with fdr. Leo F. Frick, 
U.S. Nevy. The author desires to express his epnreciation to 
Dr. iiemry T. Nagameteu for his advice and esaistance in the conduct 
of this investigation. 





42 
ASS TRACT 


The resulte of an experimental investigation inte the veriation 
of the sheel wave simpe and the extent of the subsonio region behind 
the ehook with varying eagle of ettack at various Mach numbere are 
srmmrize’, All tests are made ono finite 70° cone. The main 
interest ig entered on those ach numbers which are lar enough to 
produce detached shocks or for which the possibility of detaciment 
exists for inoreasing angles of attack. 

Tho angles of atteck for which the investigation 1s made are 
9°, 5°, 6°, 9°, 12°, and 15°. The Mach mubers considered are 1.456, 
1.544, 1.594, 1.857, 1.986, and 8.01. 

It is found that, for increasing angles of ettack at constant 
Maoh numbers, the extent of tho subsonic region increases behind the 
lower shook and decreases behind the upper shock. A subsonic region 
appeara at inereised angle of atuack for two of the Mach numbers for 
whioh the shocks are initially attached. There is also quite definite 
interaction between the upper and lower portions of the shock which 
tends to inhibit both the appearance of a subsonic region after the 
shook on the one hand and the disappearance of it on tho other. 
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I. INTRODUCTION 


The general objective of thie investigation wes the experimental 
deternimtion of the shock wave shape and its allied characteristics 
due to the presence of a finite, 70° cone in a supersonic flow at 
various angles of attack. The main interest wes to be centered on 
detached shocks and those attached shoeks for which there was a possi~ 
bility of detachment ocourring ae angle of attack wae increased, and 
partioular interest was te be given to the subsonic regime of flow 
behind the shook. Pressure measurements at the cone surface were not 
to be attenpted extensively, but were desired only for one Mach mmber 
at sero angle of attack and at a relatively high angle of attack. 

As fer as is mown, no previous experimental work has beon done 
on detached shociz variations with angle of attack for three=dimensioml 
flow. 3. W. Maraehner, (Cf. Ref. 1), V. I. Muirhead, and Heil MacKimon, 
(cf. Ref. 2), have previously investigated detached shock wave shapes, 
Maoh number behind the shock, and pressure distribution for similar cones 
tirroughout the same range of Mach numbers at sero angle of attack. Thig 
investigation was intended to oarry their work one step further, 

Sinoe theoretical study of the detached shock phencozenon has not 
yet progressed to the point where a prediction of the behaviour of shock 
waves at various angle of atteck oan be mde, this investigation, it was 
hoped, would furnish some aml] insight into this interesting phase of 


supersonios, and perhaps point the way to further study. 


II. EQUIPMENT AND PROCEDIRE 


Six cone models were used for this investigation. The models 
were identical, 3/8" in diameter, and had a cone angle of 70°, 
Fech model was equipped with ea pressure erifice located on the 
conical surface et distances fron the nose which varied from model 
to model. The dimensions of the conse model and the location of 
the prescure orifices are indicated in Fic. 1. 

The investigation was cerried out in the GALCIT 2.5" Supersonic 
Wind Tunnel, (Cf. Ref. 8). The model ms mnomted on a sting which 
could be moved in elevation through an angle of atteck range fran 
@$° to +18°. No aginuthal variation ws possible. In order to 
produce Mach mmbers of 1.455, 1.644 and 1.857 o flexible nogele with 
adjustable jacks waa used. This nogzsle is fully desoribed in Ref. 1. 
Steel nozzle blocks were wrasnabne fer Mach numbers of 1.884, 1.986 
and §.01. The nozgle shapes for the flexible nogzle were computed by 
Pucicett'a Method, (Cf. Ref. 4). Boundary layer corrections were applied 
using Puckett's apmroxinate figure. 

In order to calibrate the test geotion Mach number « static pressure 
survey was made along the nozrle centerline in conjunction with a refer= 
ence static prescure taken at the test section wall. The centerline 
survey wos socomplished with a section of 1.D. 0.065" tubing fixed by 


means of two risid supverte at either end of the nozzle eo that movenent 





wes possible in an axial direction only. This tubing wes equipped 
with a amall static orifice, In order to elimimte the necessity 

for measuring ema11 changes in low pressure along the test seotien 
centerline acainst a relatively high atmospheric pressure, the centere 
line static prosaire was measured against the reference pressure at 
the wali. The reference pressive was, in turn, meesured against 
atmosphoric pressure. By aubtracting the differeece in well and 
centerline prossurea fren the average well pressure the centerline 
statio pressure wes obtained. 

In celivrating the model angle of attack the following procedure 
was used. Presse readings wore taken at three angles of attack 
with the model orifice on the top. Pressure readings at the sane 
three ancles of attack were then taken with the orifice on the bottan. 
These pressure readings were plotted against angle of attacks thus, 
intersection of top and bottom ourves gave the zero angle of attack 
position. 

Throughout the tests the reletive Inmidity of the tumel was kept 
within e range of .02 to .04 peroent by means of a silicasgel dryer 
in tho turmel circuit. 

After calibration of the nogzle and angle of atteck, photographs 
of the flow arowmd the model were taken by means of schlieren epperatus 
with the model at angles of attack varying fran 0° to 18° in 8° inore- 


ments. 





Pirally, a pressure survey at the cone surface wes made at a 
Mach number of 1.594 for angles of attack cf 0° ena 12°, (cf. Fig. 
27 js 

The dimensionless eheck wave patterns were obtained by the 
following procedure. The negetives of the flor photocraphs were 
projected on graph ~aper by moans of a photographic enlarger. The 
enlerger wee adjusted so timt the diencter of the model wee ecm] 
to a Y/D of one on the selected scale, and the shock wave mttern 
was traced. This same procedure wes followed in tracing all shock 
wave patterns. In order to minimize the error in the relative dise 
Placement of the shocks fran the model fran one ancle of attack to 
the next, @11 shock patterns for each mrticular Mach maber were 
traced on the sane sheet of graph mper. This procedure wes also 
follewed for each particuler angle of attack and varying Mach number. 
The final dimensionless plote were cotmined directly from these 
tracinga. It was hoped, by this means, to minimise, in so far es was 
possible, the errors which ere inevitable in transaribing euch ourves 


to dimensionless coordimtes. 
| 





III. RESULTS AND DISCUSS ION 


The resulte of this investigation are presented in three forms. 
The shook wave patterns are plotted first with Mach number constant 
and angle of attack varying, (Cf. Figs. S$ to 14). Secondly, they 
are plotted with angle of attack constant and Mach numbers varying, 
(Cf. Figs. 15 to 25). The above plots are relative to the cone axis 
rether than to the flow direction. Thirdly, the Mach number (Mz ) 
directly behind the shook is tabulated fer each Mach number and 
angle of attack, (Cf. Tables I to VI}. This tabulation is carried 
out only for the subsonic portion of the flow. In addition te the 
above tabulation, the point at which the Mach number behind the shock 
beeomes sonio and the position of the normal shook are indicated on 
the shock wave plote. For Mach nuabers of 1.657 and 1.9986 the sonic 
points have not been indieated, to aveid confusion. These points are, 
however, indicated on the crosseplots of constant angle of attack. 

A pressure survey on the surface of the cone at a Mech mnber 
of 1.584 was teken at 0° and 12° angles of attack for both upper and " 
lower surfaces of the cone, (Cf. Fig. 27). 

Symbole wed in graphical and tebuler presentation of the deta 
ere defined in Fig. 2. 

The shook wave patterns were plctted in dimensionless form using 
the diameter of the cone as the characteristic dimension. Special care 


wes taken in obtaining the slmpe of the shock wave petterns near the 
nose of the cone since it was fowl timt some of the shocks crossed 
in this region. 

The shock wave yetterns for constant Mech number shev that close 
to the nose of the cone, the spread of the shocks is rather irregular 
with sone crossing over others in en wpredictable mmner; the spread, 
however, becomes reguler with angle of attack as the distance fran 
the nose along the shook increases. This is particularly true of the 
lower portions of the shock weves. As the angle of attack increases, 
the shocks associated with the upper surface of the cone tend to 
become straicht and to assume the characteristics of an attached shock. 
Conversely, the lower portion of these shools become more curved and 
thus more nearly assume detached characteristics. This is more clearly 
brought out by the Mech mecber survey directly behind the shock. 

The variations in the shock weve pattern due to chenging Mach 
number are plotted for cach angle of attack, and are essentially a 
eross~plot of the previously discussed curves. These plota clearly 
show that, while the lower vortiona of the shocks craduelly assume 
the curved configuration associated with deteched shocks as the angle 
of attack increesee, those shocks which were initially plysieally 
attached to the nese of the cone apparently remin attached for the 
angles of attack investigated. Conversely, shocks initially physically 
detached remain detached. 


The Mach number direotly behind the shock at each point under 
consideration w2e calculated by measuring the slope of the shook av 
that point reletive to the flow direction. Twoedimensional oblique 
eliock theory then save the Hach nuaber behind the shock, (Cf. Tables 
I to Vi }. 

At an angle of attack of 0°, the aubsonio region behind the 
shock is s:rmotrical with respect to the cone axie. As the angle of 
attacic inereeses for each Mach number, the oxtent of the subsonic 
region increases behind the lower portion of the sheek end decreases 
behind the upper portion. The rate of decrease, however, is consider= 
edly faster than the rate of increase. The overall effect is to 
decrease the total extent of the subscnio region as the engle of attack 
is increased. This effect is mere pronoimced for the lower Mach 
nunbers. As the Mach number increases at each angle of attack the 
extent of the subsonic gone decreases in both the lower and upper 
portions of the flo. 

If the essumption is mde tmt the cone upper and lover surfaces 
can be considered separately and that the angle between the flew / 
direction end the cone surface can be considered cs the elfevertex 
angle of a fictitious cone, some camperigon can be made with the 
Taylor=“ecooll theory for conical shoaks, (Cf. Ref. 5). Fige 26 was 
prepered to illustrate the omximm flew deflection for a given initial 


Mech nuaber using this theory. Table VII indicates the condition of 


shook for each Mech mmber for both upper end lower shooks. 
Pirst considering the lower shocks at eco angle of attack, 
the shock hme detached characteristics wtil a tech mmber between 
1.554 and 1.857 ie reached, whore it asewmes attached c'mracteristics. 
This is in agreenent with the Taylor=ifaccoll theory. The reeults 
aleo agree for 5°, At an angle of attack of 6°, which corresponds 
to @ fictitious cone with a talfevertex angle of 41°, the Taylor- 
Mec00ll theory cives the minimua Mech number for an attached shock 
as 2.03. The experimental results indicate that for an angle of 
attack of 6° the flow field behind the lower shook Ina a subsonic 
region for Yach numbers to 1.857. The lewer shool: for a Mech number 
of 1.98, however, doce not heve a subsonic region end thus has 
attached cmracteristics. The subsonic rezion for a inch number of 
1.986 does not appear wtil an engle of attack of 9° is reached. 
These subeonic regions behind the larer shoci: inoresse with increas- 
ing angle of attack. For a Kach mmber of &.01, the conical shock 
theory predicts that shock detachment will occur at a Inlf-vertar ) 
angle of scmething less than 50°, corresponding to en angle of attack / 
of leas than 15°. However, expa*imental results indicate that at 
en angle of attack of 15° the shock still hes attached characteristics; 
no sthgonic gone is present. 
The upper portion of the shock oan ve considered in the same 


momer. in this case the fictitious milfevertex angle oan be considered 


as decreising as the engle of atimeck increases. The conioal shook 
theory aredicts that at an angle of attack of approxinetely 6° correse 
pondin; to a helfevertex angle of 29°, the shock will become attached 
for the tiach numbers investigated. The experimental results indicate 
tint, for the angles of attack investigated, if a subsonic sone initielly 
exists it does not wholly disappear. 

It therefore is apparent that interaction doos exist between tho 
upper and lower portions of the shock wave in conieal flow at angles of 
attack. This interaction inhibits or delays the disappearance of the 
subsonic region behind the upper shock and delays the appearence of the 
aubsonic region behind the lower shock aa angle of attack is increased. 
Steted differently, this imvernotion decreases the ability of the shock 
to deflect the flow in the upper portion of the shock and increases this 
same edllity in the lower, as compared to that predicted by the faylor- 
secol] theory. 

The cone eurface presewe mesaurenents ct a liach nuuber of 1.554 
were reduced to the non-dimensional form p,/p,', where pp! is the reser= 
voir pressure behind the normal shock. The plot of these measurements / 
are included to indicate the variation of the cone surface pressure at 


angles of attack of 0° and 12°, (cf. Fige 27). 





rAG; 
IV. COXRLUGIOG 


The results of this investiration indicate thet at angles of ettnek 
there is interaction between the uppor and lower portions of the shock. 
Thig interection tends to delay the avpecrance of a suvsonie region 
behind the lower pertion of the shock and to delay the disappearance of 
the subsenio region behind the upper portion of the shock. The delay 
in the dieappearance is greater than the delay in the appesraneo. 

It is also indicate’ tmt the extent of the total subsonis region 
is reduced as the angle of attack is increased for those Mech mmbere 
which initielly produce detached shooke. 

Finally, it appears thet if the shook is initially attached to 
the cone it rawins attached even thouch mixed flow appears behind the 
shook, for the range of Gngles of attack tested. 
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SAMPIE CAICUIATIONS 


A. Determimation of Mach number in test sections 
Po, = gauge reservoir pressure 
Pp = reference wall static orifice pressure 
Pe, = gauge reference precsure 
Pp, ™ nozzle centerline static orifice pressure 
Density convereion factors s 


2 om acetylene tetrabranide = .2188 om. he. 


1 om. silicone = ,0695 on. he. 
Pe fe Bo 
Po Pa Po 
Orifice position 1.8” 
P, 103.0 
"Ee 
Pe 93.8 
Pp = 9.7 
o, Pa 
02188 (Po. - Pa? 2.12 
Beroneter 74.57 
Po 72.45 
Pa 75.15 
129.6 
Re 
P, > Po 56.45 
& 


Pp 18.12 


Po/P, (ave J 22687 
Py 69.6 

P, 64.0 

Po = Py #526 
-0695 (2, - p,/ -.589 
0095 (po = pdr, =. 00827 
P,/ Py 02541 
¥ 1.544 


B. Determinetion of p/p, = 1.56 


Dy = curface preeaure on cone 
Po’ =~ reservoir preseure behind norm] shod 
. Bs 
p/P," = ome = oN 
Po Py 


r/P, wes found in the aane way as in the determimtion 


of tho Mach number. 


p,/?, 591 

Po/ Po! 2.209 

p,/P,' ~ 696 | 
= 02497" 

5 +52" 


xB e779 


“= 5° 


Upper and Lower 


JP 


1.2 
1.4 
1.41 


Eh, 


e780 


2805 
- 866 
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TADIZ T 

M= 1.458 

Upper 
a 0 
0 0789 
02 2808 
04 - 865 
of «895 
08 «342 
1.9 990 
1.12 1.000 


Loner 
ae eee 
e) » 786 
093 7358 
e2 «769 
4 0522 
06 «865 
08 «900 
1.0 2927 
1.2 958 
1.4 0991 
1.47 1,000 
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TABI I (covtinued ) 








M = 1,438 
sae fad 
Upper Lower Upper Leaner 

Pa |, ee 
0 0748 6 0748 0 2 750 0 2750 
of 809 O4 785 ae 2635 09 8.755 
4 «885 ee «760 04 2 895 02 785 
26 920 of 0817 06 «920 04 795 
8 2960 0&8 869 08 935 6 Pact) 
1.9 2 990 28 PL: 0 #) 1.9 2 990 3 858 
1.6038 1,000 1.0 954 1.62 1,000 1.0 «862 
1.2 2 960 1.2 2 900 

1.4 2965 1.4 2342 


1.358 1,000 1.89 1.000 








PDE © (weckhleves/ 


M = 1.428 











Lauer Urper Lower 

bn ¥/s Mh w/4 Me 2 
ea ce) Para’ 5¢] a) ef32 Q «212 
0250 «22 664996 om 2 BED «18S £785 
seen of 075) 4 a) o® 275 
#980 sa 77S 4 985 4 =. FAG 
OX) 03 0 727 e755 1,000 8 793 
248 2,000 2B =. LO 03 =. S45 
1,6 Past) 1.9 L948 
1.2 o™3 1.2 «367 
1.4 2985 1.4 978 


1.44 1.060 1.57 1.000 


—_ 

















17 
TABIN IT 
- M = 1,544 
ce: 0? a & ge 

Upper end Lower Upper Lower 
D445) My ¥/D Me t/o Ye 

0 of95 0 2 700 @) e700 
ec 285 Pe} 2528 202 2095 
of 387 oh 2060 ee 0770 
ris) 896 6 «920 4 882 
3 e222 8 955 oS «380 
1,9 2970 298 1.900 3 2920 
1.15 1.900 1.9 956 . 


1.17 1.000 














18 
ADE 7 feonh med) 


Ew Ds 


ese 6 eee 











Wb ¥f/P Fo Ye & nf % 
o 7 of 86. 707 Oo .720 Oo 86.70 
<= SA 02 ©0695 2 86m 08 = 095 
4 =. 905 2 8.778 4 8§=6. 775 2 78 
3 .958 er 6 =. 946 ee 
6 § .8 6 885 2 29a 6 686 
1.0 .998 -3 = .920 233 2.000 8 5900 
Gh 1000 60 «980 2.0 0). 052 | 
1.12 12,000 2.18 1.000 
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TABIE II (continued ) 








M = 1,544 
@ = yoo a= 1g? 

Upper Lonrer Upper Lower 
Y/o My Y/o My Yo My Y/D Me 
0 .750 Oo 2780 Oo 740 0 2740 
2 =. 910 -075 6968 02 =. 028 a 
4 =. 988 ee) 4 =. 965 2 866 
°68 1,000 4 =. 780 047 1,000 4 =. 770 

6 685 <6 =. B27 
8 876 8 =, 082 
1.0 8 §©.925 1.0 .95¢ 
1.2 1,000 1.2 .990 


1.22 1.000 
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TAGL i aunt 


M1806 
















inver end Lower Teper Tower 

DM i/D My T/D Me 
9 - 685 1°) 2690 0 6590 
oe - OCT 02 918 292 «685 
4 2822 4 Pa oe 318 
26 928 28 «960 24 2330 
08 » 949 8 3990 of e910 
-% 1.900 85 3.000 S 2) 2 IS 
1.0 » 380 
1.06 1.000 

















ou 


TABLE 1IL (cavtinved) 


¥ = 1.5% 





0k 2 960 C2 685 


o& 563 4 o G59 
°75 2,900 08 55S 
«8 0 955 

2.0 «990 

1.086 2.005 





Y/pD Mp ¥/d My 
CG 705 0 738 

2 2990 08 .6685 

4 .996 2 -785 


e565 2,000 4 - 80 


06 O46 
28 - 900 
1.0 - 958 
2.17 1.000 





ae) 
TADIZ II (oantinued) 


Mo 2,884 





a = 120 ae 15° 
ar =. a ee tage to 
Upper Lower Doper lores 


¥fo YD ty y/o My YM 


ee aS 





6 2760 0 e715 0 0759 0 «7&0 
ef 2970 007 =. 685 22 0975 OO 6839 
«3 14.000 of 0752 225 1.000 o2 « 740 

5a 7 «4 0720 
«6 0 OS7 28 «800 
«8 2885 08 851 

1.0 0353 1.9 e920 

1.16 1.€09 1.14 1,000 





n+ acne aaa ata) 
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TAIZ IV 
Mé = 1.857 
a = 0° a= g® 
Upper and Lower Uppeer and Lower 
Superecalc Supers onic 
@ = gO a= 9° 
Upper Lover Upper lower 
¥/D My YD Mp 
Supersonic 0 0765 Supersonio 0 - 880 
02 2890 of ° 850 
of 0970 4% e929 
Pa) 808 6 2970 


e62 1.000 67 1,000 
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TABLE IV (ootinued ) 


uw 1,057 


«= 12° a = 150 
Lazer Upper lower 
ost in 
fe] «7 Supersonic 9 625 
02 73 4 2 760 
«4 205 4 2790 
8 09S - of 2867 
75 1.600 «3 2970 


«88 1.000 
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TASIE V 


K = 21,986 











pro ass 
Upper end Lower Upper and Lower 
Supersonic Suporsonie 
= ae 
Unper and Lower Upper Lavra? 
Supersonic ¥/D MM 
Suporsonie “O. 980 
ee 2960 
04 +960 
0G 2972 
+64 1.000 
o= 199 «= 15° 
Upper Lover Upper Tasror 
aS x0 
Supersonic 0 2859 Supersonic 0 «790 
of 2 880 ee «8310 
4 895 4 - 848 
06 -970 > 6 - 866 


68 1.000 0775 1.900 














TABL' Vi 
H+ §.02 
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TABIN VII 


CONDITION OF SHOCK 





of 5° ¢& 9 i129 15° 

M= 1.458 Upper’ D D D D D D 
Lowes* D D dD. OD D D 

M~ 1.844 Upper D D D D D D 
Lower D D D D D D 

w+ 1.50 Upper D D D D D D 
Lower D D D D D D 

Z > 1.857 Upper A A A A A A 
Lower A A D D D D 

Mu 1.986 Upper A A A A A A 
Lower A A A D n D 

M= 5.01 Upper eS kc oO 4 A A 
Lover A A A A A A 





Hote: Dw detached shook characterlatics 
Arw attached shock characteristics 
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Pig. 2&8 
M= 1,544 
a = 0° 





Pig. 29 
M = 1.544 
e« = 15° 








Fig. 30 
M = 1.584 
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Figs 31 
M = 1,584 








Pig. 32 
M = 1,857 
c= 0° 





M = 1,857 
a = 15° 
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